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Chloride channelWe studied the inﬂuence of Bacillus cereus bacteria on cells of the freshwater alga Chara corallina. These bac-
teria and recombinant Bacillus subtilis strains are capable of producing the secreted toxin HlyII, which
changes the electrophysiological parameters of the algal electrically excitable plasma membrane by forming
pores. Cooperative incubation of bacterial cells, which carry active hlyII gene, and Chara corallina cells caused
a decrease in the resting potential (Vm) and plasma membrane resistance (Rm) of algal cells. The efﬁciency of
each strain was commensurable with its ability to produce HlyII. Puriﬁed hemolysin II caused a similar effect
on Vm and Rm of intact and perfused cells. This protein changed the kinetics and magnitude of transient
voltage-dependent calcium and calcium-activated chloride currents owing to the formation of additional
Ca2+-permeable pores in algal cell membrane. Occurrence of the cellulose cell wall with pores 2.1 to
4.6 nm in diameter suggests that HlyII molecules reach the plasma membrane surface strictly as monomers.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
It is well known that microorganisms can be involved in symbiotic
and parasitic interactions with animals as well as with plants [1,2]. In
some cases, the division into microorganisms selectively interacting
with animals or plants is rather conventional, as they interact with
both. Bacillus cereus is such a universal microorganism; its strains
are found both in animal [3] and plant tissues. As Bacillus subtilis,
whose strains are also used in this work, B. cereus belongs to endo-
phytes involved in the formation of higher plant rhizosphere. These
bacteria penetrate into plant root tissues and, as B. cereus, can protect
them from phytopathogens, the result of which can be improved
plant growth [4,5].
The effect of B. cereus on animal organisms can be not as favorable.
For instance, in man it causes food poisoning and a number of systemic
and local infections in both immunologically compromised and immu-
nocompetent individuals. The range of infections includes fulminant
bacteremia, central nervous system involvement (meningitis and
brain abscesses), endophthalmitis, pneumonia and gas gangrene-like
cutaneous infections, to name a few [3]. The pathogenic properties of
B. cereus can be attributed to a number of pathogenicity factorshemolysin@rambler.ru
.ru (A.S. Solonin),
rights reserved.including proteins, protein complexes and nonribosomally synthesized
peptides [6–8]. One of several cytolytic proteins produced by opportu-
nistic pathogen B. cereus is hemolysin II (HlyII) [9,10]. The hlyII gene is
widespread in bacteria of the B. cereus group, including B. thuringiensis,
some subspecies of which are used as insecticides, and B. anthracis,
which is an agent of anthrax, a mortal disease of man and animals. All
B. cereus strainswith a pathogenic potential have been shown to carry ac-
tive hlyII gene [11]. HlyII is amicrobial protein belonging to the oligomer-
ic β-barrel pore-forming toxin family, which includes the Staphylococcus
aureus α-toxin. HlyII is secreted as a 42.3-kDa water-soluble monomer
after cleavage of the signal peptide (31-aa N-terminal region) by the bac-
terial secretion apparatus. This hemolysin can disrupt membranes of
erythrocytes and other eukaryotic cells in vitro by forming ionic oligo-
meric membrane pores [12,13]. Pore formation leads to perturbation of
cell ion–osmotic homeostasis and to cell death and lysis. It has been
shown that HlyII provokes macrophage cell death by apoptosis through
its pore-forming activity [14]. Expression of hlyII in recombinant B. subtilis
BD170 renders bacteria hemolytic. Recombinant B. subtilis::hlyII
(BD170-EH2) can lead to the death of Daphnia magnamacroorganisms.
Expression of HlyII in the crustacean gut leads to the destruction of in-
testine cells followed by a gradual disruption of other tissues. Fluores-
cent microscopy reveals post-infection changes in mitochondrial
potential of intestine tissues in the ﬁrst 24 h of infection, suggesting
that formation of ionic pores leads to cell lysis and, ﬁnally, host death
[15,16]. Expression of hlyII in B. subtilis::hlyII-hlyIIR (BD170-EH2R) is
strongly suppressed by HlyIIR regulator, and this recombinant is not
pathogenic to the crustacean. These data show that hemolysin II acting
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sion could be an important step in the adaptation of bacteria to various
environmental niches. To determine the possible pathogenic effects of
bacterial microﬂora in plant cells, we used a B. cereus strain and
B. subtilis recombinant strains capable of producing HlyII in varying
degrees. We also studied the effect of puriﬁed HlyII toxin on plant
cells. The cell membrane of the freshwater alga Chara corallina was
used, as cell membranes are the primary target of any interaction
with microorganisms. Our choice was determined by the following
considerations: 1) to date, the inﬂuence of hemolysin II on plant
cells has not been investigated; 2) the assay is not purely artiﬁcial,
because B. cereus and B. subtilis are widespread, occupy the same
niche as Chara corallina and can interact with it in the environment
[17–21]; 3) cell size of this alga is more than one centimeter, which en-
ables studies of a separate isolated cell; 4) existence of the cell wall with
microﬁbrillar networkmakes it possible to study pore formation step by
step; and 5) the stonewort alga is a convenient ﬂoral object with electri-
cally excitable membrane, whosemain channel types (calcium channels
and calcium-activated chlorine channels) involved in the generation
of action potentials have been adequately described [22,23]; there-
fore, any change in its parameters can be easily construed.
This study shows that B. cereus and B. subtilis strains secreting
membrane-active toxin HlyII into the environment efﬁciently inﬂuence
cells of the freshwater alga Chara corallina. Despite the cell wall formed
by cellulose microﬁbrils, this hemolysin is capable of penetrating, with
somewhat lower efﬁciency, into the algal membrane by passing
through the periplasmic space and ultimately forming ion-conducting
pores.
2. Material and methods
2.1. Bacterial culture and protein preparation
The following strains were used: B. subtilis BD170, BD170-EH2,
BD170-EH2R and B. cereus VKM B-771 [15]. Bacterial cells were
grown in Luria–Bertani (LB) medium for 16 h at 24 °C to the late sta-
tionary phase. The cell pellet was harvested by centrifugation at
10,000 g, washed twice with phosphate-buffered saline (PBS; 74 mM
Na-phosphate, pH 6.8, 74 mM NaCl) and resuspended in distilled
water. Chara corallinamedia were supplied with bacteria by adding an
amount of the concentrated suspension. The ﬁnal concentration of
bacterial cells was 6×105 colony-forming units (CFU)/ml. Puriﬁed
HlyII was also used [12].
2.1.1. Puriﬁcation of HlyII from the culture supernatant
Hemolysin II protein as a soluble monomer was puriﬁed from the
culture of E. coli Z85 (pUJ2) cells by a combination of ion exchange, af-
ﬁnity chromatography and gel ﬁltration as described [12]. For hemo-
lysin II solutions, one hemolytic unit (HU) per ml corresponds to a
concentration of 2 ng/ml (50 pM).
2.1.2. Plant material
Internodal cells of Chara corallina were used. The alga was cul-
tured in a large tank containing a layer of pond mud. The tank was il-
luminated with a 40 W luminescent lamp (day/night rhythm, 14/
10 h). One to two days prior to the experiment, giant internodal
cells 0.7–0.8 mm in diameter and ~60–80 mm long were isolated
from neighboring cells and kept in artiﬁcial pond water (APW) con-
taining (mM): 0.1 KCl, 1.0 NaCl, 1.0 CaCl2, 1.0 HEPES/NaOH, pH 7.4.
Temperature was maintained at 18–20 °C.
2.2. Electrophysiology measurements
Resting potential Vm was measured by glass microelectrodes
(ﬁlled with 2.5 M KC1), one of which was placed into an experimental
chamber compartment with 100-mM depolarizing KCl solution. Thiscompartment contained the end section (the node) of a cell ~1 mm
in length. The end of the external microelectrode was placed at the
cell wall. Rectangular current pulses of 0.1 μA were passed through
the cell to measure the membrane resistance Rm [23,24].
Voltage clamping of perfused cells was achieved by mounting cells
in a 3-compartment chamber and passing clamp current between ex-
ternal Ag/AgCl electrodes placed in one of the side compartments and
the central compartment, while monitoring the membrane voltage in
the central compartment with two glass electrodes, placed near the
cell wall in the central compartment and in the other side compart-
ment. A detailed procedure of current measurements was described
elsewhere [23,25,26]. The clamped region of the cell in the compart-
ment was 2 mm long.
Voltage clamping of intact cell plasma membrane was carried out
according to Lunevsky et al. [22]. A Dagan 8500 ampliﬁer was used for
voltage clamping. An IBM/AT 486 computer equipped with an AD/DA
board PCL-718 and Bio Quest software was used. All experiments
were carried out at room temperature (19 to 22 °C).
2.2.1. Intracellular perfusion
Intracellular perfusion was performed according to Kataev et al.
[23]. Tonoplast-free cells were prepared by replacing the cell sap
with a medium containing Ca2+-chelating agents EGTA or EDTA
[26–28].
2.2.2. Data analysis
The values characterizing the action of the drugs on Cl− currents
were determined from the average dose–effect curve normalized to
the control value by iterative nonlinear least-squares regression
using the Sigma Plot program (Jandel Scientiﬁc).
2.3. Experimental conditions of Chara corallina
2.3.1. Treatment of algal cells by bacterial cultures
Further, according to the procedure described above, the values of
the resting potential (Vm) and plasma membrane resistance (Rm) of
each cell were determined, and cells with close values of these pa-
rameters were selected. The selections were placed 7 cells each into
50-ml plastic containers with APW. Suspension of a bacterial strain
to a ﬁnal concentration of 6×105 CFU/ml was added to each container.
The same volume of APW containing no bacteria was added to the con-
trol sample. Cells were incubated at room temperature (25±2 °C) for a
time required for each experiment, then their electrophysiological pa-
rameters were determined again.
2.3.2. Treatment of algal cells by B. cereus HlyII toxin
Chara corallina internodal cells selected as described in the previous
sectionwere placed into the experimental chamber, and small aliquotes
of the toxin were added to the outside of the cell or into the solution for
intracellular perfusion.
2.3.3. Visualization of the phenotypic change in Chara corallina cells
For phenotypic changes in Chara corallina cells to be recorded, the
algae treated as described above were placed in set intervals of time
onto the stage of an MBS-2 binocular light microscope (Russia) into
a mediumwhose composition varied depending on the aim of the ex-
periment. A Sony DCR-TRV19E camcorder or else a Canon PowerShot
A580 digital camera was attached to the microscope's eyepiece via a
home-made attachment. Both the general state of the cell, its turgor,
and the cytoplasmic streaming under various experimental conditions
were registered. The cytoplasmic streaming velocity was determined
by the movement of vesicles and particles in the cytoplasm relative to
a micron marker placed in the ﬁeld of the microscope near the cell.
The parameter was determined for at least seven cells in each case. The
average velocity of particle movement in the cytoplasm of the control
cells was within 50±12 μm/s. For descriptive reasons, the cytoplasmic
Fig. 1. Change of the resting potential (Vm) and plasma membrane resistance (Rm) as a
function of cell incubation time in a medium containing various bacterial strains. V0
and R0, the initial values of the resting potential and resistance obtained before the
preparation was introduced. Vm and Rm, the resting potential and resistance during
the incubation of cells. Averaged data are given for 7 cells incubated in the following
media: 1, cells without bacteria (control); 2, Bacillus subtilis BD170; 3, B. subtilis
BD170-EH2R; 4, Bacillus cereus 771; 5, B. subtilis BD170-EH2. Medium: artiﬁcial pond
water (APW) containing (mM): 0.1 KCl, 1.0 NaCl, 1.0 CaCl2, 1 HEPES/NaOH, pH 7.4.
Table 1
Changes of the resting potential (Vm) and membrane resistance (Rm) as the result of
the incubation of Chara corallina cells for 40 h with different Bacillus strains.
Type of bacterium Resting potential
Vm, %
Membrane resistance
Rm, %
Control (no bacteria) 107±10 100±2
B. subtilis 99±11 97±2
B. subtilis HlyII+HlyIIR 84±6 91±2
B. cereus 61±4 80±3
B. subtilis HlyII 38±5 70±3
Puriﬁed HlyII (5 nM, 60 min) 43±3 60±10
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tive parameter of the control cells (Si/Scont).
2.4. Planar bilayer lipid membrane recordings
Planar bilayer lipid membranes (BLM) were formed from soybean
L-α-phosphatidylcholine (Type IV-S) dissolved in n-heptane (20 mg/
ml) on a 0.3 mm-diameter aperture in a two-chamber teﬂon cell. The
cis and trans chambers containing CaCl2, 5 mM HEPES–KOH, pH 7.4
buffer solution (1 ml each) were separated by a BLM deposited by
the Mueller technique [29]. The experiments were carried out under
voltage-clamp conditions. The trans compartment was connected to
the virtual ground through a Keithley 301 operational ampliﬁer in a
current-to-voltage conﬁguration. The experiment was monitored by a
PC connected to DT2801A (Data Translation, USA) AD–DA converters.
The membrane potential was maintained using Ag/AgCl electrodes in
3 MKCl and 2% agarose bridges. Data were recorded using BLM software
developed by Anatoly Ya. Silberstein.
For ion selectivity measurements, different concentrations of
CaCl2 solutions were placed into the cis (0.025 M CaCl2) and trans
(0.005 M CaCl2) chambers creating a concentration gradient. After
addition of the toxin, the transmembrane potential (Em) was experi-
mentally determined.
The cation-anion selectivity of the BLMwas estimated by the cation
transfer numbers (t+) which, considering the activity of ions in solu-
tion, were calculated by the following formula:
tþ ¼ Em–Eað Þ Ec–Eað Þ;
where Em is the transmembrane potential at the CaCl2 concentration
gradient; Ec and Ea are theoretical Nernst potentials for cations and
anions, respectively.
HlyII protein was added to the trans compartment to a ﬁnal concen-
tration of 2.4 nM. All measurements were made at room temperature
(25±2 °C).
The resultswereprocessedusingSigmaPlot 11andOrigin8programs.
The plots present averaged (statistically processed) results of all the
series of experiments.
3. Results
3.1. Electrophysiology experiments
Recently, one of themost signiﬁcant pathogenicity factors of B. cereus
has been shown to beHlyII produced by this bacterium. This protein of a
molecular weight 43 kDa is oligomerized in the plane of cell mem-
branes and forms low-selective ionic channels in them. This process ul-
timately leads to the death of the cell [15]. Bacillus cereus is known to
secrete a number of proteins with hemolytic activity, but their individ-
ual effects are very difﬁcult to evaluate. In this context, we used not only
the B. cereus strain but also B. subtilis strains capable of producing HlyII
(in varying degrees depending on the presence or absence of regulatory
protein HlyIIR) to determine the possible effect of bacterial microﬂora
on stonewort cells and the effect of namely hemolysin II. Bacillus subtilis
BD170 lacks the known hemolytic or cytotoxic extracellular activities
and shares some common regulatory circuits with B. cereus; therefore,
it could serve as a suitable organism to study the expression of hlyII in
culture media or a host organism. No hemolytic activity was found in
the culture media of parental BD170. Hemolytic activity in culture su-
pernatants of BD170-EH2 and BD170-EH2R was 1500 HU/OD and 7
HU/OD, respectively. HlyIIR is an efﬁcient (>200-fold) negative regula-
tor of hlyII expression in B. subtilis. The strain B. cereus 771 used in this
work had a maximum HlyII-speciﬁc activity of 30 HU/OD [15].
The inﬂuence of the bacterial strains on cells of the freshwater alga
Chara corallina was determined by the method described in Material
and methods.Fig. 1 presents the dependences of the resting potential (Vm) and
plasma membrane resistance (Rm) on time of incubation of Chara
corallina cells with various bacterial strains. It is seen that in the control
experiment with cells in an APW solution containing no bacteria the
values of Vm and Rm do not change signiﬁcantly. A similar behavior
was shown by cells maintained in a medium with B. subtilis BD170,
whichdonot synthesize hemolysinHlyII. In the case of the strainB. subtilis
BD170-EH2R, the values of Vm and Rmwere observed to decrease insig-
niﬁcantly after 40 h of incubation to make 84±6 and 91±2 of the ini-
tial values, respectively. That is, a decrease of membrane potential and
resistance in the presence of B. subtiliswas nomore than 2–3%, themag-
nitudes not exceeding the values of dispersion (experimental error). In
the case of the strain B. cereus, the values of Vm and Rm for the same in-
cubation time were more signiﬁcant: 61±4 and 80±3, respectively.
The maximal effect was caused by the recombinant strain B. subtilis
BD170-EH2, which possesses the greatest hemolytic action of all ana-
lyzed strains (up to 1500 hemolytic units). After 40 h of incubation,
Vm decreased to 38±5% of the initial level, and Rm went down to
70 ±3%. Further incubation of up to 68 h in a medium with bacteria
did not in practice lead to a change of both parameters. The data on
the effect of various microbial strains and puriﬁed hemolysin HlyII on
Chara coralline cells are compared in Table 1.
Thus, the efﬁciency of action of the bacterial strains on algal cells
could be assumed to directly depend on their ability to produce
hemolysin HlyII.
To conﬁrm this assumption,we carried out experiments on the effect
of puriﬁed hemolysin HlyII on Chara corallina native cells.
Aliquotes of the toxin were added to the experimental chamber
containing a single cell, and the electrophysiological parameters of
the plasma membrane were determined.
Fig. 3. A, Development of current at an addition of HlyII at a concentration of 5 nM to
the outside of a native cell (curve 1) and to the inside of an internally perfused cell
(2). The arrow shows the introduction of the preparation to the cell. Holding potential
Vm=−150 mV (curve 1) and −100 mV (curve 2). B, Example of instantaneous cur-
rent–voltage curves (ICVCs) obtained during HlyII-induced excitation (curve 2).
ICVCs were obtained by ramp-wave voltage pulses (130 mV, 30 ms). The vertical
lines on current curve 2 show the times of sawtooth voltage feed to the membrane.
Vr – the reversal potential – is the intersection point of all ICVCs. The perfusion medium
contained (mM): 3 EGTA, 10 KCl, 260 sucrose, 10 HEPES/NaOH, pH 7.3. Bathing medi-
um (mM): 0.1 KCl, 1 NaCl, 1 CaCl2, 160 sucrose, 1 HEPES/NaOH, pH 7.3.
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plasma membrane properties was similar to that of the bacteria,
with the difference that the rate of action of the toxin was much
higher. Fig. 2 shows a characteristic decrease of Vm and Rm in the
presence of 5 nM HlyII. During the incubation for 1 h, the resting po-
tential and plasma membrane resistance decreased down to 43±3%
and 60±10% of the initial values, respectively. A relatively slowkinetics
of the effect in the case of the bacteria can be explained by additional
time they required to produce efﬁcient concentrations of hemolysin.
To determine the contribution of the cell wall to the decrease in
the degree and speed of the toxin effect, as well as to elucidate the
mechanism of HlyII, we compared the transmembrane currents of
algal cells. In the case of the native cell, the toxin was added to the
medium ﬂowing around the cell on the outside, and in the case of
the perfused cell, the same aliquote of the toxin was added to an
equal volume of the medium used further for perfusing the cell
from the inside.
Fig. 3A shows a typical record of transmembrane current develop-
ment after addition of HlyII to the outside of the native cell (curve 1)
and inside the perfused cell with preliminarily removed tonoplast
(curve 2). In both cases, transmembrane current was observed to in-
crease, most probably, due to the formation of ion-conducting pores
formed by the toxin in cell plasma membrane. The current develop-
ment kinetics at the introduction of the drug externally was much
slower than at its introduction at the same concentration inside the
cell.
The difference in the efﬁciency of HlyII action outside and inside
the cell is readily explained by the occurrence of the cell wall. In
[30], the effective diameter of a Chara corallina cell-envelope cellulose
pore was shown not to exceed 2.1 nm. A later work assumes that the
diameter of pores in the cell envelope is 4.6 nm [31]. This “ﬁlter”
should signiﬁcantly restrict free diffusion of toxin molecules to the
cell membrane. In the case of the perfused cell, toxin molecules freely
reach the inner surface of the plasma membrane, which stipulates the
high speed of accumulation of pore-forming toxin molecules in the
plane of the membrane. The occurrence of the cell envelope leads to
a decrease in the rate of accumulation of monomers; this, in turn, re-
duces the efﬁciency of assembly of fully ﬂedged mature pores and in
the long run decreases the speed of HlyII cytolytic attack outside the
alga. The geometry of the periplasmic space between the cell wall
and the membrane does not prevent the formation of a mushroom-
shaped structure about 6 nm in size over the membrane [13].
To answer the question of the nature of developing current evoked
by toxin action on the plasma membrane, we studied the instanta-
neous current–voltage characteristics (ICVC) obtained during the
supply of a ramp voltage in the process of current development. AsFig. 2. A, Change of the membrane resting potential (Vm) and B, resistance (Rm) of
Chara corallina cell plasma membrane in the presence of hemolysin at a concentration
of 5 nM. See Fig. 1 for the composition of the medium and designations of the axes.seen in Fig. 3B, all ICVC obtained at various times of the activation
process intersect in one point. One intersection point of all character-
istics indicates that the development of current is due to the increase
of membrane conductivity owing to the incorporation of one type of
similar-selectivity pores into it, but not owing to nonspeciﬁc leakage
current. The obtained current reversal potential VR=−18 mV practi-
cally completely coincides with the equilibrium potential for calcium
current (ECa ≅ –20±5 mV), obtained by recording the current–volt-
age characteristics of calcium current. This implies that newly formed
pores are selective for Ca2+ ions.
As the observed effects of toxin action on the algal cells can be due
to an increase of plasma membrane permeability for Ca2+ ions, we
determined how permeable HlyII channels are themselves for these
ions. In the presence of a 5-fold CaCl2 concentration gradient
(0.025 M/0.005 M), the transmembrane potential of a BLM containing
a large amount of HlyII channels was−22.5±0.6 mV, and the trans-
fer number for cations calculated using it was t+=0.29±0.01. This is
in good agreement with the data we measured on the BLM earlier in
the presence of a KCl concentration gradient of 0.12 M/0.04 M. The
transmembrane potential under these conditions was −12.2±0.8,
and the calculated t+=0.27±0.02 [13]. This means that, despite
the weakly pronounced anion selectivity of a HlyII pore, at least
~30% of current is transferred under the given conditions by cations,
in this case Ca2+ ions. Thus, HlyII channels, by incorporating into the
plasma membrane of the stonewort cell, are additional calcium chan-
nels disturbing, ﬁrst and foremost, the calcium balance of the cell,
which is what leads to rather dramatic consequences. It should be
noted that the selectivity of HlyII channels for Ca2+ ions as measured
at the BLM can be signiﬁcantly lower than in HlyII pores incorporated
into the algal cell plasmamembrane, which can be due to the difference
in the lipid composition and local environment of the toxin pore.
Because, as we noted above, the electroexcitability of stonewort
cell plasma membrane is determined by the occurrence of voltage-
dependent calcium and calcium-dependent chloride channels in it,
we investigated the effect of HlyII on the kinetics and magnitude of
integral currents of these channels. Fig. 4 presents the current curves
obtained before and after the introduction of hemolysin on the out-
side of the native cell.
Addition of HlyII causes changes in the amplitude and activation–
inactivation kinetics of developing integral current (Fig. 4). Treatment
by the toxin decreases the amplitudes of transient Ca2+ current and
Ca2+-dependent Cl− current. Simultaneously, this effect is accompa-
nied by an increase of transmembrane leakage current and membrane
Fig. 4. Change in the character of calcium- and chloride-current component develop-
ment under the action of HlyII. 1, control; 2, 2 nM and 3, 5 nM toxin in the cell exterior.
Vm=−150 mV. Solution (mM): 0.1 KCl, 1.0 NaCl, 20 CaCl2, 1 HEPES/NaOH pH 7.4.
Fig. 6. Change of the cytoplasmic streaming velocity in the presence of toxin-producing
bacteria and HlyII. 1, control; 2. B. subtilis BD170-EH2; 3, B. subtilis BD170-EH2 prepa-
ration diluted 7-fold; 4, 5 nM HlyII. Medium: artiﬁcial pond water (APW) containing
(mM): 0.1 KCl, 1.0 NaCl, 1.0 CaCl2, 1 HEPES/NaOH, pH 7.4.
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These temporal changes of the calcium- and chloride-current parame-
ters are presented in Fig. 5. It is seen that at a given concentration of
the toxin a decline of calcium and chloride currents followed by a pla-
teau occurs in approximately 10 min after the introduction of the drug
(Fig. 5).3.2. Phenotypic changes in Chara corallina cells associatedwith the presence
of toxin-producing bacteria and HlyII
Simultaneously with changes of the electrophysiological parame-
ters in experimental cells, we observed signiﬁcant phenotypic
changes. The change was especially dramatic in cytoplasmic stream-
ing, which is one of the most essential indicators of the physiological
state of the plant cell [32]. Fig. 6 shows that in control cells the cyto-
plasmic streaming velocity does not in practice change within 72 h of
registration. In cells treated with a hemolysin II synthesizing bacterial
culture, cytoplasmic streaming was observed to be slowed down in
the ﬁrst hours of the experiment. After 24 h, streaming velocity de-
creased by ~90%, and in 48 h it was registered to be completely
stopped (Figs. 6–2). The observed effect was dependent on the titre
of B. subtilis BD170-EH2.
Puriﬁed HlyII had a similar effect on cytoplasmic streaming, but the
kinetics of the process was more sharp. In the case of the treatment of
algal cells with 5 nM toxin a noticeable change in the cytoplasmmove-
ment velocity started in 15–25min after the preparation was added to
the medium with the cells. In 60±20 min, the movement was
completely stopped (Figs. 6–4). Both the bacteria andHlyII preparationsFig. 5. Amplitudes of calcium and chloride currents in the presence of HlyII at a concen-
tration of 5 nM. 1, Ca2+ current; and 2, Cl− current.stopped the movement of the cytoplasm irreversibly, and, ultimately,
the cells were observed to die.
4. Discussion
The data obtained convincingly prove that B. cereus and recombi-
nant B. subtilis strains secreting membrane-active HlyII toxin into the
medium efﬁciently inﬂuence cells of the alga Chara corallina. A signiﬁ-
cant decrease of the resting potential (Vm) and plasmamembrane resis-
tance (Rm) of the cell was observed. The efﬁciency of each strain was
proportional to the level of hemolysin II synthesis, hemolytic activity
and, correspondingly, ability to produceHlyII. Experimentswith the pu-
riﬁed toxin show it to be the main damaging factor, which determines
the effects observed on cells. Themechanism of HlyII action on the plas-
mamembrane of the algal cell implies several stages. As the diameter of
the cellulose pore of Chara corallina cell envelope does not exceed
2.1–4.6 nm [30,31], and, according to a molecular model [13], the
pore-forming heptamer of HlyII is ~10 nm in diameter, we assume
that at the ﬁrst stage the toxin penetrates through the cell envelope ex-
clusively asmonomers and incorporates into themembrane. At the sec-
ond stage, in the plane of the cell membrane, monomers are
oligomerized into pore-forming structures. At the third stage, toxin
pores are formed, which are homogeneous by selectivity and are per-
meable for Ca2+ ions. Additional pores cause an increase of transmem-
brane current, a decrease of the resting potential and a reduction of
plasma membrane resistance. An increase of leakage current is ac-
companied with a change in the character of transient current in re-
sponse to the depolarization of the membrane. Besides, we observe a
change in the kinetics of transient current development— activation
and inactivation of voltage-dependent calcium and calcium-
activated chloride channels of the plasma membrane responsible
for the development of action potential (Fig. 4). As is known, calcium
is an efﬁcient regulator of metabolic processes in all cells where there
are systems reacting to small changes of its concentration. The main in-
tracellular targets for Ca2+ ions are various calcium-binding proteins,
some of which change their activity themselves, and others mediate
the effect of this cation on various molecular targets, e.g., the activation
and inactivation of ion-transporting systems, such as Ca2+, Cl– and K+
channels [23,33]. At rest, the concentration of ionized calcium in the
cell, [Ca2+]in, is within the limits of ~10–7–5·10–8 M. During the action
potential, it increases up to ~10–6–2·10–5 M. In the external environ-
ment of the cell (the APW solution) the concentration of calcium is
1240 A.A. Kataev et al. / Biochimica et Biophysica Acta 1818 (2012) 1235–124110–3 M, which is much higher than the level of Ca2+ inside the cell. The
concentration gradient of ionized calcium between the intra- and extra-
cellular contents is extremely great to exceed the gradients for other
ions. It is for this reason that an increase of the number of Ca2+ at a par-
ticular section of the cell by several ions is a potent and very informative
signal.
In our case, an increase of free [Ca2+] in the cytoplasm caused
most likely inactivation of calcium channels, which is characteristic
of L-type Ca2+ channels [34,35]. Simultaneously, the amplitude of
calcium-dependent chloride current decreased (Figs. 4 and 5). It is
known that an increase of the concentration of free calcium in the cy-
toplasm of Chara cells leads to the activation of chloride channels. At
the same time, a long-time increased concentration of Ca2+ ions in
the cytoplasm causes an inactivation of chloride channels and a corre-
sponding decrease in the amplitude of chloride current [23].
An additional proof for the major involvement of Ca2+ ions in pro-
cesses developing in cells are phenotypic changes in Chara corallina
cells associated with the presence of toxin-producing bacteria and
HlyII. It is easy to see that the general kinetics of the cytoplasmic-
streaming velocity slowdown at the action of the bacteria and the
toxin (Fig. 6) in practice coincides with that of the resting potential
drop (Fig. 1). This drop is, in ourmind, ultimately determined by the for-
mation of extra calcium-conducting channels in the plasmalemma of
algal cells. The dependence of cytoplasmic streaming in Chara algae on
the concentration of Ca2+ ions in the cytoplasmwas described a rather
long time ago [36]. That publication showed that a [Ca2+] increase in
the cytoplasm of a related alga Chara australis up to 5·10–4 M totally
inhibited cytoplasmic streaming. The mean value of cytoplasmic
streaming velocity prior to [Ca2+] increase was 50–65 μm/s, which is
quite comparable with our measurement of 50±12 μm/s. The same
authors later showed cells of another alga, Nitella axilliformis, to be
more sensitive to calcium: the cytoplasmic streaming was totally
stopped by an increase of [Ca2+] up to ~10–6 M [37]. Using a Ca2+ ion-
ophore A23187, the authors induced the irreversible cessation of cyto-
plasmic streaming in lily pollen tubes [38]. The mechanism of the
effect of Ca2+ ions on cytoplasmic streaming in cells of higher and
lower plants has been studied sufﬁciently well. It is based on the action
of Ca2+ ions on the actomyosin network, which forms the cytoskeleton
anddetermines the cytoplasmic streamingby its contraction–relaxation
cycles. Excess free calcium in the cytoplasm causes a disturbance in the
cytoskeleton functioning due to the fragmentation of actin ﬁlaments
and, ultimately, evokes the cessation of movement [32]. Summing up
the above said, we suggest that extra calcium-conducting pores formed
by HlyII molecules increase the concentration of Ca2+ ions in cell cyto-
plasm and determine most of the processes observed.
Previously, by analyzing our own and literature data, we have con-
cluded that pore-forming proteins are powerful “tools” for living or-
ganisms to adapt to different environmental conditions [7]. Finally,
we can assume that bacterial organisms producing pore-forming
toxins can parasitize a broad range of hosts both of animal and
plant origin.Acknowledgements
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